The signal transducer and activator of transcription 3 (STAT3) plays a critical role in platelet functions. This study sought to understand the effects of the STAT3 inhibitor SC99 on platelet activation and aggregation. Immunoblotting assays were applied to measure the effects of SC99 on the STAT3 signaling pathway. A ChronoLog aggregometer was used to evaluate platelet aggregation. A flow cytometer was used to evaluate P-selectin expression in the presence of SC99. AlamarBlue and Annexin-V staining were used to evaluate platelet viability and apoptosis, respectively. A fluorescence microscope was applied to analyze platelet spreading. SC99 inhibited the phosphorylation of JAK2 and STAT3 in human platelets but had no effects on the phosphorylation of AKT, p65 or Src, all of which are involved in platelet activation. Further studies revealed that SC99 inhibited human platelet aggregation induced by collagen and thrombin in a dose-dependent manner. SC99 inhibited thrombin-induced P-selectin expression and fibrinogen binding to single platelets. Moreover, SC99 inhibited platelet spreading on fibrinogen and clot retraction mediated by outside-in signaling. SC99 inhibited platelet aggregation in mice but it did not significantly prolong the bleeding time. Taken together, the present study revealed that SC99 inhibited platelet activation and aggregation as a STAT3 inhibitor. This agent can be developed as a promising treatment for thrombotic disorders.
Introduction
Thrombosis is a critical physiological process in the event of bleeding or injuries that prevents excessive blood loss by forming a blood clot in the vessels. Platelets are the central component in thrombus formation, in which platelet activation and aggregation are essential steps. In the platelet activation, several key molecular events have been clearly understood, including the phosphorylation of the Fc receptor γ-chain (FcRγ-chain) [1] ; the formation of the glycoprotein GPIb-IX-V complex on platelet membranes [2] ; and the activation of signaling proteins, such as Src, Syk, PLCγ2, phosphatidylinositol 3-kinase (PI3K) and AKT [3] . All of these signal cascades converge on platelet aggregation mediated by fibrinogen binding to the integrin αIIbβ3 and thrombus formation [4] [5] [6] [7] . Therefore, targeting platelets is a pivotal strategy to prevent and treat thrombosis and embolic diseases, such as stroke and myocardial infarction. Several classes of drugs have been developed, including (1) aspirin and triflusal, which irreversibly inhibits the enzyme COX, resulting in reduced platelet production of TXA2; (2) clopidogrel, which affects the ADP-dependent activation of the IIb/IIIa complex; and (3) glycoprotein IIb/ IIIa receptor antagonists, which block a receptor on the platelet for fibrinogen and von Willebrand factor [8] . These drugs generate considerable improvements in the management of cardiovascular diseases; however, the risk of uncontrolled bleeding of the known anti-platelet drugs limits their extensive clinical applications [8] . Vascular thrombosis results in 2.5 million deaths in China annually. In the USA, one American www.nature.com/aps Xu Z et al Acta Pharmacologica Sinica dies from stroke every 4 minutes [9] . Therefore, it is urgent to develop novel safe and effective anti-platelet drugs.
Signal transducer and activator of transcription 3 (STAT3) is a transcription factor activated by cytokine-induced intracellular signals [10, 11] . As a nuclear transcription factor, STAT3 plays an important role in megakaryopoiesis, platelet production and maturation. Specifically, thrombopoietin binds its receptor on megakaryocytes to activate the receptorassociated Janus kinase (JAK) and to recruit and activate STAT3 [12, 13] . STAT3 subsequently changes its conformation, dimerizes through its SH2 domain, and translocates into the nuclei, where it regulates the transcription of multiple genes required for platelet production. Recent studies revealed that STAT3 also acts in a manner other than genomic regulation to modulate platelet activation and aggregation by interplaying with Syk and PLCγ2 [14] . Therefore, targeting JAK2/STAT3 signaling could be an emerging strategy in the management of platelet-associated diseases. Several inhibitors of the JAK2/ STAT3 signaling pathway modulate platelet activation, including AG490 and TG101348 [15] . We recently identified a novel STAT3 inhibitor SC99 that displays potent anti-myeloma activity but exhibits no overt toxicity [16] . In the present study, we found that SC99 displays promising effects against platelet activation and aggregation. Given its undetectable toxicity, SC99 could be developed as an anti-platelet drug for the treatment of thrombosis-associated diseases, such as stroke and myocardial infarction.
Materials and methods
Reagents SC99 was synthesized and purified by high-performance liquid chromatography (HPLC) as reported previously [16] . Collagen (Cat #385) and thrombin (Cat #386) were purchased from ChronoLog Corp (Havertown, PA, USA). Antibodies against STAT3 (Cat #9139L), phospho-STAT3 (Cat #9131L), phosphoAkt Thr308 (Cat #9275L), and phospho-Src (Cat #2101) were purchased from Cell Signaling Technologies (Danvers, MA, USA), phospho-p65 (Cat #2220-1) was purchased from Epitomics (Beijing, China), phycoerythrin (PE)-conjugated anti-human CD62P (Cat #550561) was purchased from BD Biosciences (San Jose, CA, USA). JAK2 (Cat #YM0385), and phospho-JAK2 (Cat #YP0155) antibodies were obtained from Immunoway (Suzhou, China). FITC-conjugated polyclonal anti-human fibrinogen (Cat #GF011129) was purchased from GeneTech (Shanghai, China), and normal mouse IgG/PE and normal rabbit IgG/FITC (Cat #sc-2866, sc-3870) were purchased from Santa Cruz Biotechnology. An Annexin V-FITC kit (Cat #BU-AP0103) was purchased from Biouniquer (Nanjing, China). Phalloidin-TRITC (Cat #p1951) was purchased from Sigma. HRP goat anti-mouse IgG (H+L) (Cat #A0216) and HRP goat anti-rabbit IgG (H+L) (Cat #A0208) were purchased from Beyotime, Nantong, China.
Platelet isolation
Human venous blood was obtained from healthy donors who provided informed consent. To obtain platelet-rich plasma, whole blood was treated with ACD buffer containing 65 mmol/L Na 3 citrate, 70 mmol/L citric acid, 100 mmol/L dextrose, pH 4.4, followed by centrifuging at 900 rounds per minute for 20 min. After washing, the enriched platelets were resuspended, counted, and adjusted to 3×10 8 /mL using HEPES-buffered Tyrode's solution containing 119 mmol/L NaCl, 5 mmol/L KCl, 25 mmol/L HEPES buffer, 2 mmol/L CaCl 2 , 2 mmol/L MgCl 2 , and 6 g/L glucose, pH 7.4.
Platelet aggregation
Platelets aggregation was performed in a ChronoLog aggregometer (Havertown, PA, USA). Briefly, platelets were pre-incubated with vehicle or SC99 at 37 °C in a cuvette. The aggregation assay was started with 0% aggregation baseline. Then, an agonist was added to observe the percentage of platelet aggregation with stirring at 900 rounds per minute in the presence of CaCl 2 (1 mmol/L). To analyze the effects of SC09 on platelet aggregation in vivo, mice were administered ip SC99 (2 mg/kg) or vehicle. Forty-five min later, blood was obtained from the inferior vena cava, Platelets were isolated and stimulated with collagen (2 μg/mL) for 1 min followed by the evaluation of platelet aggregation. Three independent assays were performed.
Soluble fibrinogen binding and P-selectin expression Platelets were pre-incubated with or without SC99 (5 µmol/L) for 10 min at 37 °C, followed by stimulation with or without thrombin (0.05 U/mL) in the presence of FITC-labeled fibrinogen or PE-labeled CD62P at 37 °C for 10 min. Platelet-bound fluorescence was analyzed using a flow cytometer (BD FACS Calibur TM ).
Platelet viability assay
A platelet viability assay with the AlamarBlue cell viability reagent was used as described previously [17] and according to the manufacturer's instruction (Invitrogen, Carlsbad, CA, USA). Briefly, platelets (100 μL, 3×10 8 /mL) were pre-incubated for 15 min with SC99 or vehicle followed by the addition of AlamarBlue reagent (10 μL) and incubation for an additional 4 h at 37 °C. Live platelets were then determined using a SpectraMax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) with excitation and emission wavelengths of 570 and 585 nm, respectively.
Platelet apoptosis determination
Platelet apoptosis was determined via the external exposure of phosphatidylserine on the platelet membrane using Annexin-V and PI staining. Briefly, platelets (100 μL, 2×10 7 /mL) were pre-incubated with SC99 or vehicle at 37 °C for 15 min followed by staining with Annexin V-FITC and PI and analysis on a flow cytometer (FACSCalibur TM , Becton Dickinson, San Jose, CA, USA).
Immunoblotting

Aliquots of platelets (250 μL, 3×10
8 /mL) were pre-incubated with SC99 or vehicle for 10 min and stimulated by agonists under stirring for 5 min at 37 °C. The reaction was stopped by adding RIPA buffer (1% Triton X-100, 1% deoxycholate, 0.1% SDS, 10 mmol/L Tris, and 150 mmol/L NaCl) containing protease inhibitors and phosphatase inhibitors. After being heated to 97 °C for 10 min, proteins were fractionated via 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Millipore). The membrane was incubated with specific antibodies at 4 °C overnight, followed by a secondary antibody (goat anti-rabbit IRDye 800CW or goat anti-mouse IRDye 800CW). The Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA) was used to analyze the signals.
Platelet spreading on immobilized fibrinogen
Glass coverslips were first coated with fibrinogen by soaking in 10 μg/mL fibrinogen in 0.1 mol/L NaHCO 3 (pH 8.3) overnight at 4 °C. Simultaneously, platelets were pre-incubated with or without SC99 at 37 °C for 10 min. These platelets (2×10 6 /mL in Tyrode's buffer) were added to the fibrinogenimmobilized coverslips and incubated for 60 min at room temperature. Free platelets were then washed away, and adherent platelets were fixed with 4% paraformaldehyde, followed by staining with TRITC-labeled phalloidin containing 0.1% Triton X-100 at room temperature for 2 h. The coverslips were mounted on the glass slides, and platelet spreading was analyzed under a fluorescence microscope (Olympus, FSX100).
Clot retraction
Platelet-rich plasma was incubated with SC99 (5 μmol/L) for 10 min at 37 °C. After that, platelet-rich plasma was dispensed in 0.25-mL aliquots into 5-mL tubes. Clot retraction was initiated by 0.08 U/mL of thrombin and allowed to proceed at 37 °C followed by monitoring at indicated time points using a digital camera. The extent of the retraction was quantified using Image J software developed by National Health Institute (Bethesda, MD, USA).
Tail bleeding time in mice SC99 (2 mg/kg body weight) or vehicle was administered intraperitoneally to male mice (C57BL/6, 6-8 weeks old). Forty-five min later, mice were anesthetized with pentobarbital (100 mg/kg, ip) and placed on a heating pad from which the tail protruded. After the distal 5 mm of the tail was transected, the tail was immediately immersed in 12 mL of 0.9% sodium chloride for 10 min at 37 °C, and the time to bleeding cessation was recorded.
Animals and human samples
All animal procedures were approved by the Committee on Animal Care of Soochow University and were performed in accordance with the approved guidelines. Human venous blood was obtained from healthy donors who read and signed the written informed consent in accordance with the Declaration of Helsinki with permission from the University Ethical Committee of Soochow University.
Statistical analysis
When necessary, the data were analyzed by using Graph Pad Prism 5.0 software and presented as the mean±SD (standard deviation). Statistical significance was determined by twoway ANOVA analysis of variance with the Bonferroni posttest for multiple groups. Student's t test was used to calculate P-values for differences. Differences were considered significant at P<0.05.
Results
SC99 inhibits STAT3 signaling in platelets
To determine STAT3 activation upon treatment of platelet activators, platelets were stimulated with collagen or thrombin at various concentrations or treatment periods. The immunoblotting assay showed that the phosphorylation of STAT3 at Tyr705, an indicator of STAT3 activation, was triggered by both collagen and thrombin. However, with the increase of the concentrations of both collagen and thrombin, the activation level of STAT3 was decreased ( Figure 1A ). This effect was likely due to the saturation of the receptors on the platelets, but the detailed mechanisms are not currently known. The optimal concentration to activate STAT3 in platelets is 2 μg/mL and 0.02 U/mL for collagen and thrombin, respectively ( Figure 1A) . At the optimal concentration of collagen and thrombin, the phosphorylation level of STAT3 reached the plateau within 5 to 10 min ( Figure 1B) . Next, we evaluated the effects of SC99 on STAT3 activation at the optimal concentrations of both collagen and thrombin in 5 min. As shown in Figure 1C , collagen and thrombin markedly increased the phosphorylation level of STAT3, which was inhibited by SC99 in a concentration-dependent manner. In addition, 5 μmol/L SC99 almost completely inhibited STAT3 phosphorylation in platelets stimulated by both collagen and thrombin ( Figure  1C) .
Several important signaling pathways are associated with STAT3 activation, including MAPK/ERK [18] , PI3K/AKT [19] , c-Src [20] , and JAK pathways [18] . Our previous studies showed that SC09 had no effects on these kinases with the exception of JAK2 in multiple myeloma cells [16] , we next confirmed the effects of SC99 on these kinases in platelets. As shown in Figure 1C, SC99 significantly suppressed the activation of JAK2 in platelets. In contrast, SC99 had no effects on c-Src or AKT phosphorylation ( Figure 1D) . Notably, although both STAT3 and p65 are important nuclear transcription factors, SC09 had no effects on p65 ( Figure 1D ). These results suggested that SC99 inhibits JAK2 and STAT3 activation in platelets.
SC99 inhibits platelet aggregation
Because STAT3 signals modulate platelet aggregation and the above studies revealed that SC99 inhibited STAT3 activation, we next examined the potential effects of SC99 on platelet aggregation. Washed platelets were incubated with SC99 (0.156, 0.3125, 1.25, or 2.5 μmol/L) or solvent alone for 10 min at 37 °C and then stimulated with collagen (2 μg/mL) or thrombin (0.02 U/mL). As shown in Figure 2 , platelet aggre-www.nature.com/aps Xu Z et al Acta Pharmacologica Sinica gation triggered by both stimulants was inhibited by SC99 in a dose-dependent manner. For example, the maximal aggregation induced by collagen was decreased by 10%, 50% and 70% when pre-incubated with 0.156, 0.3125 and 1.25 μmol/L SC99, respectively (Figure 2A ). SC99 also inhibited platelet aggregation induced by thrombin ( Figure 2B ). In addition, we examined whether low SC99 concentrations were sufficient to disrupt platelet aggregation induced by high doses of collagen or thrombin. Briefly, 0.3125 μmol/L SC99 did not inhibit platelet aggregation triggered by greater than 5 μg/mL collagen ( Figure 2E-2G) . Similarly, 1.25 μmol/L SC99 failed to inhibit platelet activation by greater than 0.03 U/mL thrombin ( Figure 2H-2J ). This finding was consistent with results in Figure 2A -2D, and these data suggested that a higher dose of SC99 might be required to achieve the inhibition of platelet aggregation triggered by stronger signals.
SC99 inhibits platelet alpha-granule secretion and inside-out signaling Platelets are replete with secretory granules that are critical for platelet activation and aggregation. Upon activation, the platelets degranulate and release components from the α-granules (such as vWF and P-selectin) and from the electron dense granules (ADP, serotonin, and thromboxane A2) [21] . These active substances further enforce platelet aggregation and coagulation. Given that SC99 was able to inhibit platelet aggregation, we assessed whether SC99 could modulate platelet degranulation. To this end, human platelets were preincubated with SC99 (5 μmol/L) in the presence of fluorescent PE-conjugated P-selectin antibody (P-selectin/CD62P) and then challenged with thrombin (0.05 U/mL) for 10 min at 37 °C because P-selectin is expressed in the activated platelets. As shown in Figure 3A , based on flow cytometry analysis, thrombin triggered the expression of P-selectin on platelets in the absence of SC99. By contrast, SC99 inhibited thrombininduced P-selectin expression by 84.3% (P<0.01) ( Figure 3A) . This experiment thus demonstrated that SC99 inhibited platelet degranulation.
Most of the contents from the platelet granules further amplify platelet activation, platelet aggregates, and thrombus stabilization via the inside-out signaling pathways, one of which is the integrin αIIbβ3/Fibrinogen signaling. To investigate whether SC99 affected inside-out integrin signaling, we examined the effects of SC99 on integrin αIIbβ3 activation using soluble fibrinogen that binds integrin αIIbβ3. As shown in Figure 3B , thrombin markedly increased the binding of soluble fibrinogen to the platelets, which were diminished by SC99 (up to 75.7% was inhibited, P<0.01). Therefore, these data suggested that SC99 modulated platelet secretion and inside-out signaling.
SC99 modulates outside-in signaling in platelets
Platelet activation and the subsequent inside-out signal cascade further initiates a series of intracellular or outside-in signaling, leading to platelet spreading, granule secretion, stable adhesion, and clot retraction [22] . The above studies revealed that SC99 exhibited potent inhibition on platelet aggregation and fibrinogen binding, which reflect inside-out signaling. To determine whether SC99 affects outside-in signaling, platelet spreading on immobilized fibrinogen was assessed. As shown in Figure 4 , the average surface coverage of vehicle-treated 8 /mL) were stimulated with collagen or thrombin at indicated concentrations for 5 min at 37 °C, and the reaction was stopped by adding RIPA buffer. After heating to 97 °C for 10 min, proteins were fractionated via 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed using an immunoblotting assay to evaluate the STAT3 phosphorylation level. (B) Platelets were treated with collagen (2 μg/mL) or thrombin (0.02 U/mL) for the indicated periods. The platelets were then lysed and analyzed using an immunoblotting assay to evaluate the STAT3 phosphorylation level. (C) Starved platelets were pre-treated with SC99 at indicated concentrations for 10 min at 37 °C followed by stimulation with collagen (2 μg/mL) or thrombin (0.02 U/mL) for 5 min. Cell lysates from platelets were then analyzed using an immunoblotting assay to evaluate STAT3 and JAK2 phosphorylation levels.
(D) Platelets were treated as described in (C) and were analyzed using an immunoblotting assay to evaluate the phosphorylation levels of p65, p-cSrc, and p-AKT using specific antibodies. β-Actin was used as an internal loading control. ) compared with the vehicle control. Therefore, SC99 modulates platelet function by inhibiting both inside-out and outside-in signal transduction.
SC99 slows down clot retraction
Platelet clot retraction is an essential step in thrombus consolidation as a late consequence of integrin outside-in signaling.
To investigate whether SC99 interfered with this important outcome, we performed a platelet clot retraction assay by pretreating platelets with SC99 or vehicle. Fibrin clots were induced at 37 °C by the addition of thrombin to platelet suspension, and the subsequent platelet-dependent clot retraction was monitored over a 30-min time period. As shown in Figure 5 , the presence of SC99 at 5 μmol/L resulted in marked reduction of clot retraction. The clot sizes with SC99 treatment 
SC99 does not induce toxic or apoptotic effects on platelets
To examine whether the inhibitory effect of SC99 on agonistinduced platelet aggregation was due to its potential toxicity to platelets, we performed an AlamarBlue assay. As shown in Figure 6A , there was no marked reduction in the fluorescence intensity in platelets treated with 5 or 10 μmol/L SC99 compared with the vehicle control, indicating that SC99 was not toxic to platelets ( Figure 6A ). This effect was further evaluated by an Annexin V staining assay in which Annexin V identifies and binds to phosphatidylserine (PS) exposed on the outside of plasma membrane. The results showed that Annexin V-positive platelets were not significantly altered in platelets treated with SC99 ( Figure 6B ). In combination with the AlamarBlue cell viability assay, we concluded that SC99 was not toxic to platelet viability and confirmed that the inhibitory effect of SC99 on platelet aggregation did not result from apoptotic effects. Given that prolonged bleeding time is an important side effect of anti-platelet drugs, we next examined whether SC99 affected hemostasis while inhibiting platelet activation by comparing the tail-bleeding time. Mice were received SC99 at a dose of 2 mg/kg, followed by soaking the transected tail in physiological buffer and measuring the bleeding time. As shown in Figure 6C , SC99 did not significantly prolong the tail bleeding time (258.7±72.3 s; n=11) compared with the vehicletreated mice (214.2±66.65 s; n=10) ( Figure 6C) . Notably, the treatment with SC09 in mice maintained greater than 50% inhibition of platelet aggregation ( Figure 6D) . Therefore, these studies demonstrated that SC99 inhibited platelet aggregation and was not toxic to platelets.
Discussion
Platelet activation and aggregation is critical in a panel of physiological and pathophysiological processes including hemostasis, thrombosis, wound healing, atherosclerosis, and inflammation. This platelet function must be tightly regulated. Dysregulated thrombus formation causes blockage of blood vessels, leading to ischemia and resulting in thrombotic diseases, such as heart attack and ischemic stroke. Diverse signaling transduction cascades participate in platelet activation and aggregation, such as c-Src, the PI3K/Akt signaling pathway, STAT3 is believed to regulate the maturation of megakaryocytes and platelet production [23] . In mature platelets that lack nuclei, STAT3 modulates platelet activation and aggregation in a nontranscriptional manner [14, 24] . The inhibition of STAT3 signaling leads to platelet inactivation and prevents platelet aggregation and spreading; therefore, STAT3 could be a novel therapeutic target for thrombotic diseases. In the present study, we demonstrated that SC99 is a novel STAT3 inhibitor that could be used as an anti-platelet agent to treat thrombotic diseases.
Consistent with our expectation, several lines of experimental evidence confirmed that STAT3 signaling regulates collagen and thrombin-induced platelet activation and aggregation, which could be inhibited by SC99 in a concentration-and time-course-dependent manner. Notably, SC99 was not toxic to platelet viability, and it did not significantly prolong the bleeding time. Thus, the inhibitory effect of SC99 on platelet aggregation did not result from apoptotic effects. In contrast, SC99 specifically inhibited the phosphorylation of STAT3 but not Akt, p65 and c-Src, which is consistent with our findings in other cells [16] . Platelet receptors receive stimulations from adhesive proteins exposed in an injured vessel wall and soluble platelet agonists, transmit the signals via their platelet activation pathway, and ultimately induce the inside-out signaling process that leads to integrin activation. STAT3 signaling is one of the important pathways to mediate receptor signals and promote αIIbβ3-talin interaction and integrin activation [25] . SC99 inhibited platelet inside-out signaling as it attenuates fibrinogen binding to integrin αIIbβ3 by the thrombin receptor ligand. This integrin signaling is critically important in stabilizing the NO/cGMP/PKG pathway, and the signaling pathways of MAPK isoforms p38, ERK, and JNK. Recent studies indicate that the STAT3 signaling pathway is also extensively involved in platelet functions [14, 23] . As a nuclear transcription factor, www.nature.com/aps Xu Z et al Acta Pharmacologica Sinica platelet adhesion, spreading, and clot retraction [26, 27] . This integrin signal is associated with MAPK (including p38 and ERK) and JNK activation [28] . However, our study did not indicate that SC99 inhibited ERK and p38 phosphorylation stimulated by collagen and thrombin in platelets. In contrast, we found that SC99 inhibited STAT3 phosphorylation. STAT3 activation in collagen-activated platelets involves Syk-PLCγ2 signaling [15] . Moreover, SC99 inhibited platelet clot retraction, indicating that SC99 probably acts as an effective modulator for platelet contractile signaling and platelet-dependent clot retraction. However, it is unclear how SC99 inhibits the STAT3 signaling pathway, which should be further investigated [14] .
Conclusions
The STAT3 pathway is involved in collagen-and thrombininduced platelet activation. By inhibiting STAT3 signaling, the novel compound SC99 displays potent anti-platelet activity but has no marked effects on bleeding and platelet activity. Our findings suggest that STAT3 signaling may represent a novel therapeutic target for preventing and treating thromboembolic diseases, and SC99 could be developed as a promising agent for the treatment of these diseases.
